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ABS TRACT

The literature on the 'ions in flames'r aspects of
combustion in laboratory flames was reviewed.

The nature of excess non-equilibrium ionization

and rates of ionization are discussed. Rates for
positive ion decay are presented as well as the

effects of electronegative gases on amounts of

ionization, r ate s of positive ion and electron

decay, and rates of electron attachmrent.
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SUMMARY

The concentration of positive ions and electrons in nominal 2000K hydrocarbon/

air flames is 101Z/cm 3 at 1 atm. Ion concentration is 105 greater than that

computed for equilibrium conditions. The important positive ions have been

identified by sampling flames with a mass spectrometer. Using the mass

spectrometer, chemical reactions which are responsible for the production and

decay of positive ions and electrons have been identified and are

CH + 0 CHO4 + e

CHO+ + H 2  0 CO + H3O+

H3O + + e - HO 4' H

H30+ is the major positive ion.

Data on negative ions is conflicting and it appears that the electron is the only

negative ion of importance.

The rate of ion production was found to be 1015 ions/cm3 sec atm2 . The rate

constant for positive ion decay was 2' 10 - 7 cm 3 /sec and is fairly insensitive to

pressure and temperature over the ranges investigated. Rate constants for

positive ion decay in flames seeded with alkali metals were found to be 10 - 9

cm 3/sec.

The effect of an electronegative gas (chlorine) on positive ion decay was inves-

tigated, and the rate was found to decrease about half an order of magnitude at

a chlorine concentration of about 0.01 percent. Chlorine did not lower the

amount of positive ions and free electrons in the flame reaction zone as com-

pared with flames without chlorine. Experimental and analytical evidence

indicates that electrons are attached by chlorine and that free electrons dis-

appear at a faster rate by the attachment to electronegative species than by

recombination with positive ions. The rate constant for attachment was taken

to be 10 - Z 9 cm 6 /sec which is a reasonable rate for three body ion-molecule

reactions.
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1. -INTRODUCTION

Measurements of the concentration of ions in laboratoryflames-using air and

hydrocarbon gases have shown that ion concentrations .in the reaction zones are

considerably higher than would be predicted from equilibrium considerations.

Using various probing techniques, it has also. been-possible to measure the

rate of decay of'ions and electrons downstream of the flame reaction zone.

Mass spectrometric sampling of laboratory flame gases have established the

identity of the ions. Some..measurements of the kinetics of electron attachment

have also been,.attempted.

It is the purpose of..this report to review the '!ions in.flames" aspect of the

combustion literature. Since a flame is simply a reacting,, flowing, radiating

gaseous system, we would hope that information could be applied tothe rates

and nature of electron generation and decay, in the boundary. layers and wakes

of hypersonic re-entry, vehicles. , Chemically speaking, the. latter are also

reacting, flowing, radiating.gaseous systems. While the hydrodynamics of the

situation will determine the structure of each type of liflane", ba"sic-aspects of

physics and chemistry such as collision, reaction, radiation, etc.., are common

to both.
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II. ION CONCENTRATIONS IN FLAMES

The concentration of positive ions in the combustion zone of hydrocarbon/air

flames at 1 atm was found to be 10 1 2 ions/cm 3 by several techniques (1-8). A

typical schematic 'plot of ion concentration and position in the flame is shown in

Figure 1. Such concentrations are many orders of magnitude greater than

would be predicted from equilibrium considerations.

Thermal ionization in high temperature systems can be well approximated by

the equation of Saha (9) wherein the position of equilibrium between an atom and

its ions

A ; A+'+ e (1)

is defined by

log K _ [XA+ PI IXeP] (Z)
p [XAP]

log Kp -Z18 A + 5/ log T - 6.5 + log (TeA+J

The position of the equilibrium can also be derived by solution of the equili-

brium constant for Eq. (1). This requires heat of formation, entropy, and heat

capacity data for all constituents

2.3 log Kp -AF (3)
p R

- al AS

RT + R (4)

Comparing Eqs. (Z) and (4), we can easily identify the statistical thermodynamic

equivalent of (AS/R) in Eq. (2) as well as the equivalence of the heat of reaction

of Eq. (4) and the ionization potential of the atom.
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Combustion products of hydrocarbon/air flames have as their normal constitu-

ents (present in mole fractions greater than 10 - 8) those species which are

listed in Table I. Also tabulated are the ionization potentials of the species,

their concentrations at the listed adiabatic flame temperature, and their con-

tribution to electron concentration as computed from Eq. (2). From examin-

ation of the Table we conclude that:

a. From thermal equilibrium considerations, only NO can

be considered as the primary source of electrons or

positive ions

b. The concentration of NO is too low by a factor of 105 to

account for the amount of ions experimentally measured

c. Contamination of the flame by 10-8 mole fraction of an

alkali metal such as sodium will produce 100 times the

ionization of NO

It was shown that very lean propane/air flames which result in flame temper-

atures of 1300K yield ion concentrations of 101 0 ions/cm 3 (3, 4). At this

temperature the ion contribution from NO is 10 - 4 ions/cm 3 . To account for

1010 ions/cm 3 at 1330K would require an alkali metal impurity of almost 0.01

mole fraction. It was concluded that the extreme excess of ionization was not

due to the presence of contaminant alkali metals (3).

Not all flames yield excess ionization. Laboratory flames such as CSZ/air and

HZS/air with flame temperatures in excess of 2000K (3, 4), and Hz/Oz, H2 +

CO/O 2 , CH 2 O/0 2 , HCOOH/O 2 , H 2 S/O 2 , and CS2 /O 2 (6) produced so few ions

(<_. 105 ions/cm 3 ) that they were detected neither by electrical nor mass spec-

trometric measurement. The possibility of alkali metal contamination exists

for these flames as well as the others, but these results appear to preclude

contamination from all flames.

4



III. NATURE OF EXCESS IONIZATION

In order to account for the excess ionization in hydrocarbon flames, Calcote

(1) postulated the concept of chemi-ionization. In this approach one seeks a

chemical reaction occurring in a flame which can lead to ionization. The

thermodynamic probability of such a reaction occurring is related to the free

energy change (AF) of the reaction which may be crudely approximated by the

enthalpy change (AH) of the reaction. Thus to be considered thermodynami-

cally feasible, the heats of these reactions should be approximately thermo-

neutral or somewhat negative. Ionization energies (excluding alkali metals)

range from 200 to 300 kcal/mole, while heats available from chemical reac-

tion which result from the breaking and making of chemical bonds amount to

no more than about 100 kcal/mole. Hence, conventional reactions leading to

ionization will be highly endothermic and thermodynamically unlikely.

Highly energetic species (free radicals) such as C 2 and CH have been detected

by spectroscopy in the flame zone; these moieties are generally observed in

an excited state (10). Table II lists some possible reactions involving free

radicals and their excited states. It can be seen that reactions involving free

radicals are sufficiently energetic to result in ionization.

5



IV. IDENTIFICATION OF IONS IN HYDROCARBON FLAMES

Positive Ions

A large number of mass spectrometric studies (11-19) have identified the

important hydrocarbon flame ions by the sampling of laboratory flames.

Figure 2 shows a typical plot of flame ion concentration as a function of dis-

tance above a burner. Flames were burned at 1 to 0.005 atm and. there

seemed to be no effect of pressure on the type or concentration of ions. For+ H +,
hydrocarbon/oxygen flames, major positive ions are H 3 0, C 3H 3  CHO

the first is most abundant, accounting for almost 90 percent of the ions.

Reactions such as (with their suggested rate constants):

CH + 0 -. CHO + e (a)

k a = 10-1Z cm 3 /sec

CHO+ + H 2 0 -* H 3 0 + + CO (b)

kb = 10- 8 cm 3 /sec

H 3 0 + e - HZO + H (c)

kc = Z x 10 - 7 cm 3 /sec

H 3 0 + + CHzO - CH 3 O+ + Hz2 O (d)

CH 3 0 + CzHZ -* C 3 H 3
+ + HzO (e)

H 3 0 + NO - NO + HZO + H (f)

are currently accepted to be responsible for the appearance and disappearance

of various ions in hydrocarbon/oxygen flames; the mass.- spectrometric work

supports these mechanisms.

Reaction (a) is responsible for the initial formation of ions. Through reaction

(b), H 3 0 + is produced which is the major positive ion in hydrocarbon flames.

Disappearance of ions through a dissociative recombination is shown in

reaction (c). The minor ions are produced through reactions (d) and (e). Most

significant is reaction (f); if NO is introduced into a flame containing H 3 0

sn7



NO+ is rapidly produced through a charge transfer reaction (16). When a nitro-

gen compound is added to the hydrocarbon/oxygen mixture either as fuel (NH 3 )

or oxidizer (NzO), the most abundant ion becomes NO+ and accounts for 90 per-

cent of the positive ions (17). Nitrogen introduced as a diluent (NZ) will result

in the formation of NO as a minor ion (15). Cyanogen flames produce NO , as

do NH 3 /OZ and NzO/HZ flames (15).

Negative Ions

Kinbara and Ikegami (Z0) and King (21) found the mobilities associated with the

negative ion of hydrocarbon flames to indicate the electron to be the important

specie. Belcher and Sugden (22) introduced the idea that electron concentration

might be significantly reduced by the attachment of electrons to hydroxyl

radicals, to form negative hydroxyl ions, the former being the most electro-

negative constituents of hydrocarbon flames

e + OH -. OH (5)

AH= EA

The idea received support from experimental work (23, 24, 25) which indicated

an electron affinity (EA) of hydroxyl radicals to be about 60 kcal/mole. The

photo-ionization work of Branscomb (26) suggests a much lower value of 40

kcal/mole.

Using 60 kcal for the electron affinity of OH, thermodynamic calculations show

the ratio of electrons to OH- to be 1.0 at Z000K and 1 atm; at 0.01 atm it is 100.

For the lower value of 40 kcal for OH electron affinity, the ratios are 102 and

104, respectively. From the conflicting data one cannot establish the impor-

tance of OH-.

Recently Calcote (27) has modified the Langmuir probe to measure electron

concentrations in hydrocarbon flames and finds that the ratio of positive ions to

electrons is about 4. Thus he deduces that concentrations of negative ions are

of the same order of magnitude as positive ions. The most reliable results

appear to be the unpublished results (7) obtained using the Cambridge University

mass spectrometer; negative ions were found. to be unimportant.

8



V. RATES OF PRODUCTION OF POSITIVE IONS

Using reactions (a)-(b), and their listed rates at steady state, the precursor

positive ion may. be accounted for by

d [CHO+] = 0 = ka [ C HI, O] - kb[CHO+] [HZO] (6)

Similarly, since [H 3 0 +] = [e]

d[}10] = 0 kb[CHO+] [Ho] - kc[H 3 01 2  (7)

and we may write as the volumetric production rate of ions

ka[CH] [0] = kc[IR3 0+]Z (8)

kc has been found to be 10- 7- 10-8 cm 3 /sec, while [H30 +] at the maximum of

the ion profile is l0l- 101 2 /cm 3 . Thus the volumetric production rate is 1015

1016 ions/cm 3 sec based on kc. Based on ka (10-12 cm 3 /sec) and estimating

[CH] and [0] to be 10 13 /cm 3 and 10 1 5 /cm 3 in the reaction zone (19), the

volumetric production rate is 1016 ions/cm 3 sec.

In order to further check the rates, the volumetric bimolecular collision rate

of CH and 0 at the above concentrations and at 2000K was computed

Z = 7 x 10" 1 1 [CH] [0] (9)

= 10 18 /cm3sec.

The observed rate of formation does not exceed the maximum rate predicted by

collision theory.

Data taken from flames burning at 0. 043 - 1. 0 atm pressure indicate a volu-

metric rate of 3 x 10 1 5 /cm 3 sec atm Z , independent of pressure; data are

summarized in Table III.

9



VI. TRANSMITTED CHEMI. IONIZATION

Using a radio-frequency method to measure electron concentration, it was

observed that traces of certain metals, particularly those with ionization poten-

tials of about 175 kcal, give electron concentrations about 2 orders of magnitude

greater than expected from the Saha equation in acetylene flames (28). The

effect was most marked with lead and the electron concentration was observed

to decrease downstream of the reaction zone according to a second order law,

but with a much smaller rate constant than 10- 7 cm 3 /sec (29). The explana-

tion was advanced that electron-ion recombination occurs following chemi-

ionization in the reaction zone. Metal ions such as lead (Pb) result from

electron transfer from ordinary flame ions

H3O + Pb - H 2 0+ Pb+ + H (10)

These atomic ions combine with electrons more slowly than the dissociative

recombination occurs since a third body is necessary.

11



VII. POSITIVE ION RECOMBINATION IN FLAMES

Since the rate of ionic recombination in a flame is proportional to the concen-

tration of positive ions and electrons, we may write as in second order kinetics

dn+ = a n+n'dt (11)

Electroneutrality is preserved

n+ =n (12)

and after integration, assuming n+ initial positive ions
0

l/n+ = at + I/n+ (13)
0

From the latter equation we see that a plot of reciprocal ion concentration

versus time should yield a straight line. The slope of the line will yield a

which is usually called the recombination coefficient. Time is usually com-

puted from the position of an ionic probe in the flame and flame gas flow rate.

For first order kinetics, Eq. (13) is

2. 3log a at (14)

and a plot of log ion concentration versus time should yield a straight line of

slope a.

Hydrocarbon Flames

Wilson (30) deduced a value of 8. 5 x 10- 7 cm 3 /sec for the recombination coeffi-

cient in a flame from conductivity data. Using Langmuir probe techniques,

King (31) found a to be 2.5 x 10 - 7 cm 3 /sec in a methane/air flame burning at

0. 087 atm. Flames are usually burned at reduced pressure in order to

increase the length of the flame in which ion recombination takes place and

thus the precision of recombination measurements. The usual technique using

the Langmuir probe is to measure ion concentration at various stations down-

stream from the reaction zone.

13



King's results agree well with results (32) obtained with microwave observa-

tions on an electrodeless discharge in helium where a was found to be 2 x 10 - 8

cm 3 /sec. Bates (33) has interpreted the results of (32) to indicate that electron

decay occurs through dissociative recombination where an electron neutralizes

a positive molecular ion.

Measurements (34) in a propane/air flame at 1 atm between 1600-2000K yielded

a recombination coefficient of 0. 6 x 10- 7 cm 3 /sec; the order of magnitude of C

indicates that either third body or dissociative recombination must be the pre-

dominant process by which ions decay in a flame, a was also found to increase

slightly with increasing temperature. Calcote (35) found a to be 1,6 x 10 - 7

cm 3 /sec in propane/air flames burned at 0. 043 and 0. 087 atm and independent

of pressure when a was corrected for ambipolar diffusi6n.

King (21) found a to be Z.9 x 10 - 7 cm 3 /sec for propane/air at 0.072 atm and

2. 8 x 10 - 7 cm 3 /sec for acetylene/air at 0. 026 atm. In the former case, the

logarithm of the recombination coefficient varied inversely as the logarithm of

the pressure, giving a negative pressure index of -0. 64. Green and Sugden (19)

found a to be 2.2 x j0 - 7 cm 3 /sec by mass spectrometrically following the decay

of H 3 0 + in 0 2 /H 2 /N 2 flames containing about 1 percent acetylene.

Alkali Metal Flames

Alkali metal salts ionize to an abnormal extent through the process of trans-

mitted chemi-ionization when introduced into a hydrocarbon flame. Ionization

in the reaction zone is greater than that predicted from thermal considerations,

and decay of abnormal ionization permits measurement of the recombination

coefficient. King (36) measured the recombination coefficients of several alkali

metals by atomizing dilute solutions of their salts into a propane/air flame at

1 atm and 1970K. Using a Langmuir probe, he found a to be 6 x 10- 10,

4 x 10 - 9 , and 9 x 10 - 9 cm 3 /sec for potassium, sodium, and lithium,

respectively. These agreed well with values of 3. 5 x 10-9 and 5. 5 x 10-9 cm 3 /

sec which were found for sodium and lithium (37) using electromagnetic attenu-

ation measurements in a 2400K flame.

14



I
Thus experimental evidence shows that recombination coefficients in flames

containing alkali metal salts are two orders of magnitude smaller than those

for natural flame ions. Neutralization in alkali metal flames would be expected

to follow a three body process

Na + e + M - Na + M (15)

Coefficients derived from experiments (36- 37) resulted from assuming a

second order process for neutralization. The three body reaction rate constant

for Eq. (15) is about 10 - 27 cm 6 /sec (38). Assuming a third body concentration

at ZOOK of M - 101 8 /cm 3 , we derive a second order recombination coefficient

for Eq. (15) of approximately 10 - 9 cm 3 /sec which agrees well with the experi-

mental data.

15



VIII. EFFECT OF ELECTRONEGATIVE GASES ON FLAME IONS

Thermodynamic Considerations

When an electronegative gas (electron attracting) is introduced, into a flame,

thermodynamic considerations show that many of the free electrons created by

the combustion process should become attached to these electronegative gases

to form negative ions.

The fraction of free electrons attached will depend on the "strength" of the

electron-radical bond which is the electron affinity. Table IV lists the electron

affinities of some electronegative gases and radicals. As shown previously, the

electron affinity of OH (60 kcal) was such that the ratio e/OH- under equili-

brium conditions in a hydrocarbon/air flame at 2000K and 1 atm was approxi-

mately 1. With the larger attachment energies of the halogens, we calculate

the ratio e/C1- to be 10 - 5 in a similar flame containing 0.2 percent chlorine

atoms. Thus under equilibrium conditions we find that small amounts of

electronegative species can attach large fractions of free electrons. Since

there is already an enormous amount of ionic non-equilibrium in the reaction

zone of flames, it would seem that the amount of electron attachment would

depend strongly on the kinetics of the attachment process and predictions

based on equilibrium concepts are not justified.

Experimental Results

Little experimental work has been reported on the effects of electronegative

gases. Van Tiggelen (15) has shown that the combustion of nitrogen/oxygen/

vinyl chloride (CH 2 CHCl) flames produces essentially the same amount of

ionization as found with oxygen/hydrocarbon flames. His apparatus, the cir-

cular slit burner, measures the flame conductivity in the reaction zone. Since

electrons alone are responsible for flame conductivity, it is obvious that elec-

tronegative constituents do not prevent the formation of excess concentrations

of electrons in the reaction zone. Mass spectrometric analysis of the same

17



flame (19) has shown that H 3 0 remains the predominant positive ion; H 3 0 2

and H 2 CI + appear as new ions. Relative ratios of H 3 O+/H 3 Ot/HzCI+/NO+ were

100/22/20/15. Essentially the same results were found when hydrogen bromide

(HBr) was added to acetylene flames.

King (21) investigated the effects of electronegative gases on air/propane flames

at 1 atm by the addition of small amounts of CHCl 3 . He noted an increase in

the number of positive ions over that observed in flames without additives.

The phenomenon is easily explained; the steady state between positive ions and

electrons must be preserved while electrons are removed by attachment to

chlorine - thus the total number of positive ions must increase. On the other

hand, Padley (39) found that addition of small amounts of chlorine to an alkali

metal containing flame increased the electron concentration 1 inch from the

reaction zone as compared to the flame without additive. The phenomena was

explained by the reaction

CI- + H -* HCI + e (16)

The results of King's work (21) on the decay of positive ions in the presence of

electronegative gases are shown in Figure 3. The decrease in a was about

one-half order of magnitude. It is surprising that recombination coefficients

are reduced by the addition of chlorine since ion-ion reactions could be taken

to proceed at a rate more rapid than ion-electron reactions (40).

Since King (ZI) used a Langmuir probe which could only determine positive ion

decay, nothing could be deduced about the decay of electrons. King (21) also

studied the disappearance of electrons in the same flames using an electro-

magnetic attenuation technique (41). He found that electrons decayed in flames

both with and without halogen additives as a first order process (Figure 4)

rather than a second order process (Figure 5). King's results on the flame

containing no additive agreed with those of Williams (41, 42) who found that

electrons in hydrocarbon flames disappear by a first order process.

Furthermore, the mobilities (Figure 6) of the negative ions were measured

with and without electronegative additives and were found to decrease by 2

18



orders of magnitude some 5 cm above the flame zone with additives. From the

mobility data one can only assume that electrons are attached by chlorine inthe

additive. These data are not at variance with those of Van Tiggelen (15) who

showed t'_',at even with enormous amounts of chlorine, 1012 electrons/cm 3 were

produced in the reaction zone, On the other hand, King showed that electrons

were attached in the area above the reaction zone.

In a later publication, King (43) investigated the effects of small amounts of

CCl 4 in reducing free electron concentration in alkali metal seeded air/CO

flames at Z000K and 1 atm. The air/CO flame produces no flame ions of its

own and it was shown that the effectiveness of electron reduction decreases as

the ionization potential of the alkali metal increases. The ratios of recombin-

ation coefficients were determined in an alkali metal seeded air/propane flame

at 1840K and I atm with and without CC 4 additive. Results are summarized

in Tables V and VI.

Analysis of Experimental Results

It has been shown that C1 atoms are thermodynamically capable of attaching

significant amounts of free electrons. It would be interesting to predict

whether the kinetics of the process are such that the reaction can proceed with

a measureable rate. It would also be significant to show how the attachment

process, which is in reality a three body reaction, can yield first order kinet-

ics as derived from flame measurements by King (ZI).

Of further significance would be the illustration that attachment can take place

at a rate equal to or faster than recombination, which would constitute a

further proof for attachment. Both chlorine atoms and H 3 0 + ions compete for

electrons. If attachment is more rapid than recombination, electrons will

disappear by a first order process (attachment). If recombination is more

rapid, then electrons will disappear by a second order process (recombination).

1
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The three body attachment reaction

e + Cl + M - Cl + M

k = 1 0 -Z9 cm 6 /sec 
(17)

at 2000K and 1 atm (M I01 8 /cm 3 ) should exhibit second order kinetics with

k = 1011 cm 3 /sec (18)

If the concentration of chlorine atoms is much greater than the concentration of

electrons, then pseudo-first order kinetics will be observed. Assuming

[CI] = 10 1 5 /cm 3 and [e ] 10 1 2 /cm 3 , electrons will become attached as

e- 10 4 t; 1 0
- 4 sec is required to reduce electron concentration to 1/10. For

[e] = [H 3 O+] = 10 12 /cm 3 the second order positive ion-electron recombin-

ation reaction will require l0- 3 sec to reduce electron concentration to 1/10

using k 10 - 8 cm 3 /sec as measured by King (Zl). For [e] = [H 3 0+] =

10 1 1 /cm 3 , the recombination reaction will require 10 - 2 sec to reduce electron

concentration to 1/10.

Thus it has been shown that three body electron attachment can proceed at a

faster rate than recombination in the presence of electronegative gases.

Furthermore, the attachment process should exhibit first order kinetics.

Recombination can then take place between positive ions and both electrons

and negative ions and positive ion decay will exhibit second order kinetics.

King (21), as shown in Figure 4, found that electrons decayed by a first order

process in a propane/air flame which suggests three body electron attachment

to OH

e + OH + M - OH + M (19)

Using a rate constant of 1 0 - 2 9 cm 6 /sec, assuming [M] = 10 18 /cm 3 ,

[e ] = 101 2 /cm 3 , and [OH] = 10 1 4 /cm 3 , we find that electron concentration

will be reduced by 1/1Q in 10 - 3 sec through attachment. For [e] = 10 12 /cm 3

and 10 1 1 /cm 3 , electron concentration should decay through recombination by

20



a factor of 10 in 10- 4 sec and 10- 3 sec, respectively. We conclude that decay

of electrons by attachment and recombination can apparently take place in air/

hydrocarbon flames at comparable rates. Unfortunately, the uncertainty in

electron affinity of OH, the generally contradictory experimental results, and

the inconclusive kinetic calculations do not permit proper assessment of elec-

tron attachment to OH.
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TABLE II

Possible Chemni -ionization Reactions

Heat of Reaction
Reaction (4H. - kcal)

CH + 0-> CH0O + e 0

CH + 0- CHO0 + e 69

C + OH -~>GCH+ + CO + e - 10

C2 + 0 > CO + +CO +e - 20
* +

CH + 0z * - CHO02 + e -110
2 2

CH +02 > CHO +4.e - 30

*Excited state
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TABLE III

Rates of Ion Formation in Propai.elAir Flames

Recombination Production Rate Divided by
Pressure ' Gefici'ent Rate (Pressure) 2 _,

(atm) (cm /sec) (cm " 3 :sec - ) (cm: 3 sec atm ) Reference

.0.043 1.6 x i0 '. 7  5.6 x 10 12  3.0x 101 5  (27)

0.087 2.4 x 10- 7  2.8 x 1013  3.7 x 1015 (27)

0.27 1.6 x I - 7  2. 1 x 1015 Z.9 x 1015 Unpublished
results, I.R.
King, Experi-
ment Inc.

"1.0 2 x 104. 2 x 10 1 5  2 x 101 5  (8)
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TABLE IV

Electron Affinities

Electron Affinity
Species (EA -kcal/niole)

Ci 87.6
F 80.7
1 73.8

0 33.7
02 9.

OH 60(?
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TABLE V

Effect of Carbon Tetrachloride in Reducing Free-Electron
Concentrations (Ne) in a Carbon Monoxide/Air Flame at

1 Atm and a Flame Temperature of Z000K (42)

Ne I (without Ne 2 (with
Salt Additive) Additive) Nel/Ne2

0,001 N CsZCO 3  34.6 x 1010 5.5 x 109 62

0. 0001 N CsCO3 10.9 2.7 40

0. 001 N KZCO 3  8.9 3.3 27

0.0001 N KZCO3  2.8 1.5 19

0.01 N NaZCO 3  2.68 5.2 5

0. 001 N NaCO3  0.81 2.5 3. Z

0.0001 N NaZCO 3  0.25 1.95 1.3

P 0. 1 N LiCO3  4. 1 5.0 8

0.01 N LizCO3 1.3 3. 3 4
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TABLE VI

Effect of Carbon Tetrachloride on Recombination Rates (a)
of Alkali-metal Ions in a Propane/Air Flame at I Atm

and a Flame Temperature of 1840K (42)

Alkali Metal a(salt)/a(salt + CC14 )a  Ionization Potential, ev

Li 0.75 5.36

Na 1.3 5.12

K 8.0 4.318

Rb 2.0 4.159

Cs 5.5 3.87

aValues given are average values; 0.02 percent by volume of

carbon tetrachloride vapor was added to the total flow in all
cases.
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Figure 1. Typical Plot of Ion Concentration in a Laboratory Flame
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Figure 2. Ion Concentration Profiles for an Acetylene /Oxygen Flame (27)

pressure = 0.0032 atm
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Figure 4, First Order Plot of Electron Disappearance in a
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